The overall water splitting for hydrogen production is an effective strategy to resolve the environmental and energy crisis. Here, we report a facile approach to synthesize the Ir-based multimetallic, hierarchical, double-coreshelled architecture (HCSA) assisted by oil bath reaction for boosting overall water splitting in acidic environment. The IrNiCu HCSA shows superior electrocatalytic activity for hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), which are comparable to commercial Pt/C and better than IrO 2 . The IrNiCu HCSA exhibits remarkably catalytic efficiency as bifunctional catalyst for overall water splitting where a low cell voltage of 1.53 V is enough to drive a current density of 10 mA cm −2 and maintains stable for at least 20 h. The presented work for the design and synthesis of novel Ir-based multimetallic architecture paves the way for highperformance overall water splitting catalysis.
INTRODUCTION
Electrochemical water splitting is considered as one of the most promising way to produce hydrogen [1-3], which composes of hydrogen evolution reaction (HER) of cathodic half-reaction and oxygen evolution reaction (OER) of anodic half-reaction [4] [5] [6] [7] [8] [9] [10] [11] . Acid polymer electrolyte membrane water electrolyzer (PEMWE) is the most popular technique towards the production of hydrogen and oxygen fuels [12] [13] [14] [15] [16] [17] . Pt and Ir/Ru-based nanocatalysts are emerging as the state-of-the-art metal catalysts for HER and OER in PEMWE, respectively [2, [18] [19] [20] [21] [22] . However, these catalysts feature moderate intrinsic electrocatalytic activity with sluggish kinetics of HER and OER, and low durability in harsh acidic media and high cost, discouraging their large-scale applications [23] [24] [25] . Therefore, numerous scientific research efforts have been devoted to investigating and designing efficient noble metal nanocatalysts with high electrocatalytic activity, long-term stability and the use of non-noble metals. Alloying Ir with transition group metals [19, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] is generally regarded as an effective strategy that not only substantially reduces the usage of Ir but also facilitates the catalytic activity and stability for water splitting by tuning the d-band structure and oxygen adsorption energy on the surface of Ir. Another strategy to optimize the overall catalytic activity is to tune the geometric shape of the nanocatalysts [18, [35] [36] [37] [38] [39] [40] [41] [42] . A hierarchical alloy architecture is believed to show the capability of promoting the initial activity with more active surface area exposed to reactants [43] . The construction of a core-shell structure with a noble metal shell also demonstrates the enhancement of catalytic activity and stability, the core-shell structure maximizes valuable metal exposure to reactants and minimizes the amount of expensive metal used, and it boosts catalysis via core-shell synergistic interactions, such as tuning the electronic and surface strain effects [44, 45] . However, it is still a huge challenge to synthesize a three-dimensional (3D), hierarchical, core-shell struc-tured Ir-based multimetallic alloy with improved intrinsic activity and increased active sites as a highly efficient and stable bifunctional catalyst for both HER and OER.
In this work, we report a facile, one-pot strategy for a controllable synthesis of 3D hierarchical Ir-based multimetallic alloy nanoframes assembled by IrNiCu nanocrystals, with a Cu-rich@Ni-rich@Ir-rich multielement alloy and double-core-shell architecture (Fig. 1) , as highly active and exceptionally stable bifunctional electrocatalysts for overall water splitting. The as-synthesized IrNiCu hierarchical double-core-shelled architecture (HCSA) exhibits remarkable electrocatalytic performance for both HER and OER in acidic environments. Specifically, the IrNiCu HCSA shows outstanding HER activity with a low overpotential of 41 mV at a current density of 10 mA cm −2 and a small Tafel slope of 21.4 mV/dec, which is comparable to commercial platinum/carbon (Pt/ C) electrocatalysts (39 mV and 21.0 mV/dec). The IrNiCu HCSA displays the highest electrocatalytic activity for OER with only a 262 mV overpotential to attain 10 mA cm −2 and a 71.4 mV/dec Tafel slope, which outperforms the commercial IrO 2 (326 mV and 77.3 mV/dec), indicating that the IrNiCu HCSA is an excellent OER electrocatalyst in acidic electrolyte. It is noteworthy that the IrNiCu HCSA represents impressive electrocatalytic activity and superior durability for overall water splitting, achieving a 10 mA cm −2 current at a low cell voltage of 1.53 V and sustaining a negligible decay of polarized current after 1000 cycles. The present work provides possibilities in tuning the hierarchical and coreshell structure of Ir-based multimetallic nanocatalysts for promoting the electrocatalytic performance for overall water splitting.
EXPERIMENTAL SECTION
Chemicals Iridium(III) 2,4-pentanedionate (Ir(acac) 3 , Ir 37.5%), nickel(II) 2,4-pentanedionate (Ni(acac) 2 , 96%), copper(II) acetylacetonate (Cu(acac) 2 , 98%), (1-hexadecyl)trimethylammonium chloride (CTAC, 96%), and 1,2-hexadecanediol (1,2-HDD, 98%) were purchased from Alfa Aesar. Oleylamine (80%-90%) was manufactured by Sigma-Aldrich Corporation. All the chemicals were used as purchased without further purification and deionized water was employed in these experiments.
Synthesis of the IrNiCu HCSA
The IrNiCu nanoframe structures were one-step synthesized with an oil bath method. A suspension containing 26.1 mg Ir(acac) 3 , 10.7 mg Ni(acac) 2 , 5.3 mg Cu(acac) 2 , 33.3 mg CTAC, 10.5 mg 1,2-HDD and 5 mL oleylamine was homogeneously dissolved with magnetic stirring at 60°C for 10 min in a round-bottom flask. After that, the round-bottom flask was transferred to a preheated silicone oil bath at 260°C for 40 min and then cooled to room temperature. The reacted mixture was collected by centrifugation with 5 mL methylbenzene and 10 mL methanol at 8000 revolutions per minute for 5 min. To further purify the precipitate, the centrifugation was performed twice more with 5 mL methylbenzene and 10 mL ethanol at 8000 revolutions per minute for 5 min. Finally, the purified IrNiCu nanoframe catalyst powder was redispersed in 1 mL ethanol for further use.
Synthesis of the IrNi and IrCu nanoarchitectures (NA)
The IrNi and IrCu were prepared and purified in the same way, with Ir(acac) 3 , Ni(acac) 2 /Cu(acac) 2 , CTAC, 1,2-HDD and oleylamine as the reactants. Finally, the purified IrNi or IrCu nanocatalyst powder was redispersed in 1 mL ethanol for further use.
Characterizations
The crystal structures of the as-prepared Ir-based catalysts were characterized by powder X-ray diffraction (XRD) conducted on a Bruker D8 Advance X-ray diffractometer (Cu Kα radiation, 40 kV, 40 mA). Transmittance electron microscope (TEM) and high resolution TEM (HRTEM, JEOL JEM-2100F, 200 kV and JEM-ARM200F) were used to study the particle morphologies. The surface chemical valence state was characterized using X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250XI, with an incident radiation of monochromatic Al KR X-rays). The element contents of the asprepared nanoparticles were analyzed by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700x).
Electrochemical tests
All electrochemical measurements were conducted on a CHI 660E electrochemical workstation (Shanghai Chenhua, China). The catalytic performance of HER and OER was carried out in a three-electrode system containing 0.5 mol L −1 H 2 SO 4 solution at room temperature. A glassy carbon electrode with diameter of 5 mm, a graphite rod, and a Ag/AgCl electrode (3 mol L −1 KCl) were serviced as the working, counter, and reference electrodes, respectively. Before every measurement, the glassy carbon electrode was polished with a 1.0 μm alumina suspension on a piece of moist chamois and then repolished with a 0.3 μm alumina suspension. Then, 8 μL of the aforementioned 1 mL catalyst-ethanol ink was dropped twice on the working electrode with a pipette gun and left alone until the liquid had evaporated and then 8 μL of a 0.2 wt% Nafion solution was droped. The loading of Ir on the glassy carbon electrode was 10 μg cm −2
. The electrochemical potentials determined against the Ag/AgCl reference electrode were converted to a reversible hydrogen electrode (RHE) scale via the Nernst equation: E RHE = E Ag/AgCl + 0.059pH + 0.197, and the overpotential (η) for OER was calculated using the following equation: η = E RHE -1.23 V [25] .
Cyclic voltammograms (CVs) were performed to activate the active substances on the working electrodes before the linear sweep voltammetry (LSV), which was conducted to obtain polarization curves of the aforementioned samples. For HER tests, the CVs were re-corded in a N 2 -saturated solution in the potential range of 0 to −0.4 V with scan rates of 100 and 20 mV s −1 for four cycles. Then, the LSVs were subsequently performed in the same potential range with a scan rate of 5 mV s −1 without iR compensation [28] . For the OER activity, the CVs were first recorded in a N 2 -saturated solution in the potential range of 1.0 to 1.4 V at scan rates of 100 and 20 mV s −1 for four cycles. Then, the LSVs were subsequently performed in the same potential range with a scan rate of 5 mV s −1 without iR compensation. Electrochemical impedance spectroscopy (EIS) was conducted from 100 kHz to 0.01 Hz with an alternating current (AC) amplitude of 10 mV at −0.05 V versus RHE for HER and 1.5 V versus RHE for OER. Chronopotentiometry was employed to evaluate the stability of the as-prepared catalysts at a constant current density of 10 mA cm −2 . To estimate the electrochemical active surface areas (ECSAs), the electrochemical double-layer capacitance (C dl ) was determined by CVs tested at different scan rates (5, 10, 20, 40, 60, 80 , and 100 mV s −1 ) in the potential windows of 0.9 to 1.0 V versus RHE [46] . For the overall water splitting, a two-electrode system with 0.5 mol L −1 H 2 SO 4 solution was used, and two carbon papers with a size of 1 cm × 1 cm were used as the cathode and anode for HER and OER, respectively. The exact loading of the catalysts on the carbon papers was determined by ICP-MS. Polarization curves were carried out in the range of 1 to 2 V with a scan rate of 5 mV s −1 .
The durability tests of the overall water splitting were recorded using chronopotentiometry at a constant current density of 10 mA cm −2 for 20 h.
RESULTS AND DISCUSSION
The morphology of IrNiCu HCSA synthesized by the one-step oil bath method was characterized by TEM. As shown in Fig High-angle annular dark field scanning tunneling electron microscopy (HAADF-STEM) and energy dispersive X-ray spectroscopy (EDX) (Fig. 2d, e ) were utilized to probe the elemental mapping of the IrNiCu HCSA structure. From the higher magnification of the HAADF-STEM images, the iridium, nickel, and copper elements are distributed in a specific manner. The copper is most concentrated in the middle, suggesting a preferential nucleation of copper during the synthesis process as the center of the whole structure. Then, nickel coats on the copper-rich phase and forms a certain orientation. Finally, iridium grows at the outermost layers of the CuNirich 3D polyhedron. On the whole, iridium, nickel and copper synergistically form the Cu-rich@Ni-rich@Ir-rich multielement alloy double-core-shell architecture, consistent with the linear scan of the elements (Fig. 2f ). The crystal structure of the IrNiCu HCSA was analyzed by XRD. As shown in Fig. S2 , the spectrum exhibits four main diffraction peaks matching the typical fcc crystalline structure of Ir (PDF #06-0598), corresponding to the (111), (200), (220) and (311) crystal planes. Furthermore, the doping of Ni and Cu atoms with smaller radii results in a shift of the spectrum to a higher angle, and this shift reveals the formation of a well-defined IrNiCu structure. The EDX spectroscopy of the IrNiCu HCSA (Fig. S3 ) further attests to the coexistence of all the elements with the Ir weight percentage of 61.9%, same as the initial loading percentage. According to the XPS results (Table S1 ), the percentage of Ir atoms in IrNiCu HCSA is 76.2%, larger than that in EDS (33.9%), indicating that there are more Ir atoms on the surface, consistent with the element mapping results. To further analyze the ternary IrNiCu HCSA, two binary IrNi and IrCu NA were prepared for comparison. Fig. S4a shows a typical TEM image of an IrNi NA, composed of many small particles interlaced and stacked. The lattice spacing was measured to be between 0.216 and 0.218 nm (Fig. S4b ). Fig. S4c shows the element distribution of the IrNi NA. It can be seen that the Ni is concentrated in the center, while the Ir distributes in the periphery, indicating that the Ni first nucleates and then the Ir grows during the synthesis process. The element linear scan distribution (Fig. S4d ) further proves the above conclusion. According to the particle size analysis in Fig. S5 , the particle size of the IrNi NA is concentrated between 25 and 40 nm, smaller than that of the IrNiCu HCSA. The XRD pattern (Fig. S6) shows that the four major peaks of the corresponding Ir are all offset to a high angle, indicating that the IrNi alloy is well formed with the addition of Ni. Fig. S7 shows that the Ir weight percentage is 76.2% in the IrNi NA. The morphology of the IrCu NA (Fig. S8a) is a membrane-like polyhedron structure, and the crystal plane spacing (Fig. S8b) is between 0.210 and 0.220 nm, assigned to the (111) crystal plane. Fig. S8c shows that the element distribution of the IrCu is relatively uniform, with no obvious area of concentration, which is consistent with the linear scan element distribution (Fig. S8d ). In addition, its particle size (Fig. S9 ) is smaller than that of the IrNi NA. The XRD results of the IrCu are similar to those of the IrNi NA (Fig. S10) .
The electronic structures of the IrNiCu HCSA, IrNi NA and IrCu NA were investigated by XPS. The XPS survey scan spectra suggest the existence of iridium, nickel and copper in the samples (Fig. 3a) . Fig. 3b depicts the core level spectra of the Ir 4f electrons of the three different samples. For IrNiCu HCSA, the Ir 4f 5/2 and Ir 4f 7/2 peaks [47, 48] . The presence of iridium at a high chemical valence is due to its oxidation in the air. For IrNi NA and IrCu NA, their Ir 4f peaks show the same rule as that of IrNiCu HCSA, but there are slight differences. Specifically, the Ir 4f 5/2 and Ir 4f 7/2 peaks of the IrNi NA are both shifted by 0.2 eV in the direction of low binding energy, while the IrCu NA is shifted by 0.4 eV in the same direction, meaning the Ir in IrNi NA and IrCu NA has a lower valence state. The deconvoluted Ni 2p is shown in Fig. 3c , the binding energies of 855.6 and 873.4 eV can be attributed to Ni 2+ (NiO or Ni(OH) 2 ), and the peaks at 852.8 and 869.9 eV correspond to Ni 0 [49] . The same rule is applied to IrNi NA, except that all the corresponding peaks of IrNi NA are shifted by 0.2-0.6 eV in the direction of low binding energy. Fig. 3d shows that the binding energy of Cu 2p 3/2 of IrNiCu HCSA shifts to a lower value (932.1 eV) compared with standard Cu 2p 3/2 (933 eV), while the binding energy of Cu 2p 3/2 in IrCu NA decreases slightly (932.3 eV), indicating that the partial charge transfer from Cu to Ir results in a lower d-band center of Ir, improving its electrochemical properties [50] . The peaks at 952.0 and 952.3 eV represent the 2p 1/2 peaks of Cu in IrNiCu HCSA and IrCu NA, respectively. The above four peaks represent the zero valence state of copper in the samples [51, 52] . Cu 2+ still exists in the samples evidenced by the corresponding binding energy (~933.5 eV) [53] . The HER electrocatalytic properties of the IrNiCu HCSA were evaluated in 0.5 mol L −1 H 2 SO 4 solution. The polarization curves of HER indicate that the overpotentials of IrNiCu HCSA, IrNi NA, IrCu NA and Pt/C are 41, 55, 70 and 39 mV, respectively, at a current density of 10 mA cm −2 (Fig. 4a ), revealing the superior catalytic activity of the IrNiCu HCSA compared with the Pt/C. The corresponding Tafel plots are illustrated in Fig. 4b , where the IrNiCu HCSA shows the lowest Tafel slope (21.4 mV/dec) and is almost the same as the commercial Pt/C (21.0 mV/dec). The HER kinetics of the catalysts at the electrode/electrolyte interface were further established by EIS measurements at −0.05 V (vs. RHE) (Fig. 4c ). The Pt/C and IrNiCu HCSA exhibit the smallest resistance, possessing a lower charge-transfer resistance and faster charge transfer rate [19] . CV curves under different scanning rates (5, 10, 20, 40, 60 , 80 and 100 mV s −1 ) in the voltage range of 0.9-1.0 V (vs. RHE) were performed as shown in Figs S11-S15. Under the same voltage, the current density of the IrNiCu HCSA is the maximum value. Meanwhile, the ECSA was estimated by the C dl using a CV measurement in Fig. S16 . The C dl of IrNiCu HCSA is 71.19 mF cm −2 , much larger than those of IrNi NA (41.24 mF cm −2 ) and IrCu NA (22.64 mF cm −2 ), indicating that the hierarchical structure offers vast active sites for catalytic performance improvement.
The OER activity of the IrNiCu HCSA was also investigated in 0.5 mol L −1 H 2 SO 4 , as illustrated in Fig. 4d .
The IrNiCu HCSA exhibits the lowest overpotential (262 mV), and the IrCu NA shows the highest overpotential (296 mV) at a current density of 10 mA cm −2 . In addition, the electrochemical performance of the IrNiCu HCSA, IrNi NA and IrCu NA are all better than that of commercial IrO 2 (326 mV). Fig. S17 shows the overpotentials of the various specimens at different current densities. It can be seen that the corresponding overpotential of IrNiCu HCSA is the lowest at 1, 10 and 20 mA cm −2 , showing the best catalytic property for OER.
The IrNiCu HCSA exhibits the lowest Tafel slope of 71.4 mV/dec (Fig. 4e ), lower than that of IrO 2 (77.3 mV/dec), confirming its impressive OER electrocatalytic activity. The EIS results at 1.5 V (vs. RHE), as shown in Fig. S18 , demonstrate that the IrNiCu HCSA displays the smallest impedance and lowest charge transfer resistance compared with the IrNi NA, IrCu NA and IrO 2 . Durability is an important parameter to evaluate the catalytic performance. The stability of the catalysts was investigated by a chronopotentiometry measurement at a constant current density of 10 mA cm −2 in 0.5 mol L −1 H 2 SO 4 solution (Fig. 4f) . After a con-tinuous 20 h test, the voltage of IrNiCu HCSA increases by only 2% compared with the initial one, while that of IrCu NA increases by 5%, indicating the excellent durability of IrNiCu HCSA in acidic solution. We also investigated the TEM of the IrNiCu HCSA, IrNi NA and IrCu NA catalysts after the OER stability test (Figs S19-S21), indicating that the morphology had no obvious change. The corresponding EDX (Table S2) shows that its composition has not significantly changed, indicating the morphology and composition remained.
To investigate the possibility of simultaneously employing the IrNiCu HCSA as an efficient bifunctional catalyst for both HER and OER, an electrode of the catalysts coated on carbon paper (1 cm×1 cm) was fabricated and tested as both the anode and cathode in a two-electrode system in acidic solution (Fig. 5d ). The electrolysis that applied the IrNiCu HCSA as bifunctional catalysts exhibits exceptional performance for overall water splitting. When the current density was 10 mA cm −2 , the voltages of IrNiCu HCSA, IrNi NA and IrCu NA were 1.56, 1.62 and 1.65 V, respectively (Fig. 5a ). The stability of the IrNiCu HCSA for overall water splitting was evaluated by a chronopotentiometry measurement at a constant current density of 10 mA cm −2 in 0.5 mol L −1 H 2 SO 4 solution (Fig. 5b) . The IrNiCu HCSA has the lowest voltage, at~1.53 V, and after 20 h of continuous catalysis, the voltage increases by only 0.8%, demonstrating the excellent stability of IrNiCu HCSA. A homemade exhaust device was set up to collect the gas products (H 2 and O 2 ) to detect the catalytic efficiency of IrNiCu HSCA for overall water splitting in Fig. S22 . The faradaic efficiencies of IrNiCu HCSA are almost 100% for both HER and OER. We further evaluated the long-term stability of IrNiCu HCSA, IrNi NA and IrCu NA toward water splitting by cycling the potential between 1.0 and 2.0 V for 10, 500 and 1000 cycles, respectively. It can be clearly seen from Fig. 5c that IrNiCu HCSA has the best stability, and the polarization curve basically does not change even after 1000 cycles, compared with the serious changes observed in that of the IrNi and IrCu NA.
CONCLUSIONS
In summary, we demonstrated a simple, one-step method for the synthesis of IrNiCu nanoframes with hierarchical features and double core-shell structures assisted by oil bath reactions and applied it as an efficient bifunctional catalyst for overall water splitting catalysis in acidic environments. By comparing various Ir-based alloy specimens, we found that the IrNiCu HCSA exhibited excellent performance with an OER activity superior to that of IrO 2 (overpotential of 262 mV and Tafel slope of 71.4 mV/dec vs. 326 mV and 77.3 mV/dec at a current density of 10 mA cm −2 ) and a HER activity close to that of Pt/C (41 mV and 21.4 mV/dec vs. 39 mV and 21.0 mV/dec). An outstanding overall water splitting performance was also observed with a current density that reached 10 mA cm −2 at a potential of only 1.53 V and remained stable for a long time. The exceptional electrochemical performances are mainly attributed to the large electrochemical active areas brought by the hierarchical nanoframe architecture and the synergistic effect from the three elements of Ir, Ni and Cu and the double core-shell structure. This work illustrates a novel strategy to design Ir-based multimetallic HCSA as a bifunctional catalyst with remarkable electrocatalytic activity and robust durability for water splitting in an acidic solution and provides a very broad prospect for practical application in a PEMWE. 
